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WSM-Drivtsi'i  SoQ  I^evol  Change  of  a Sha3.1ow  £5aa 
Ovor  a Goatinentol  Shelf-^ 


by 

Ko5i  Hidalca 


ABSTRACT 

A theory  of  wind'-dri’y«ii  surface  slope  and  level  change  in  a ahallow 
SOS.  close  to  the  coast  la  given  taking  into  account  the  earth '’a  rotation 
and  both  vertical  and  horizontal  mlxingo  A wind  zone  of  finite  \d.dth 
extending  from  the  coast  is  assumed  and  the  surface  slopes  in  a steady 
state  are  computed  at  several  distances  from  the  coast,.  If  these  ara 
pieced  together j,  we  can  g5.va  the  surface  water  level  change  as  a function 
of  tbe  distance  from  the  coast«  This  research  represents  a portion  of  a 
voluminous  work  which  the  author  is  carrying  out  concerning  the  t?iree<- 
dimensioiial  steady  of  water  and  the  surface-contours  as  generated 

by  a steady  wind* 


To  Introduction, 

The  concept  of  horizontal  mixing  introduced  by  C*-Gc  Ftossby  (1936) 
and  subsequently  developed  by  Ro  Bo  Montgomery  and  Ho  Bo  Sverdrup  ha* 
presented  several  important  changes  and  advantages  in  the  physical  explan- 
ation of  various  meteorological  and  oceanographical  phenomena  vh3.ch  had 
hitlierto  been  very  hard  to  explain o 'Montgomery  mentioned  various  evi- 
dences which  showed  that  some  oceanographical  phenomena  cannot  be  eiqjlained 
without  taking  tliis  concept  into  accounto  We  esan  mention  the  successful 


^ Contribution  from  the  Department  of  Oceanography  of  the  Agricultural 
and  Mechanical  College  of  Texas»  Oceanographic  Series  No,.  000  : baaed  in 

part  on  investigations  conducted  througl-  tbe  Texas  A»  & Mo  Research  Founda- 
tiotip  under  the  sponsorship  of  the  Uo  S*  Navy  0f‘’lca  of  Naval  Research,  Con- 
tract K7omv48702p 


©xj^lanatlon  of  the  westward  intensification  of  the  G^flf  Stream  and  the 
Kuroshio  by  this  idea  demonstrated  seroral  years  ago  by  Henry  Stonml 
(1948),  Walter  H«  Ihink  (1950)  tmd  Koji  llidaka  (1951) » A theory  of  upwell- 
ing  recently  worked  out  by  Hidaka  (1953)  is  also  based  on  iJils  consider- 
ation# !Ibe  present  discussion  also  consists  of  an  application  of  this 
concept  and  treats  the  surfac«?  form  of  the  sea  off  a straight  coast 
developed  by  the  ef ’’ect  of  steady  winds  blowing  in  a certain  direction 
in  a finite  band  within  a certairi  distance  fi*om  the  coaeto 

The  theory  of  piling-up  of  water  on  the  coast  by  the  action  of  the 
wind  was  fii'st  treated  by  V«  W.  Bemsurn,  His  explanation  consisted  of  the 
fact  that  very  close  to  the  const  the  steady  flow  of  water  driven  by  wind 
toward  or  awjiy  from  the  coast  just  balances  the  flow  due  to  the  slope 
current  produced  by  the  piling-up  on  or  taklng-iiuay  of  water  fron  the 
coasts  This  seems  to  have,  been  successful  in  predicting  the  slope  and 
of  the  water  surface  approximtelyo  But  since  his  theory  assumes  that  the 
velocity  and  surface  slope  are  uniform  in  horizontal  directions  the  diffi- 
culty is  that  of  how  far  from  the  coast  the  predictaci  slope  is®  Present 
research  shows  that  the  slope  and  level  change  of  the  waier  surface  occurs 
mostly  belt  w the  wind  zone  only®  Furtiier^  Ekman'’s  theory  is  unable  to  say 
how  the  height  of  the  sea  surface  varies  as  we  are  removed  away  from  the 
coast®  This  is  ffiathcmatically  impossible  because  only  the  vertical 
momentum  transfer  is  taJeen  into  account  and  the  velocity  compononts  and 
slfpe  of  water  surface  are  functions  of  vertical  coordinates  ^ alone® 

In  order  to  discuss  the  horizontal  variation  of  ’these  qxiantitles,  howeverp 
it  is  necessary  to  consider  horizontal  iiiixi.ngo 

The  following  theory  is  nolihing  but  a Hwdlfl cation  of  Ekman^a  theory 
of  wind-driven  currents  made  by  introducing  the  effect  of  horizontal  eddy 


viscosity-,  Still  the  result  has  some  advantages  over  the  classical  theory 
in  explaining  various  feoturea  encountered  in  the  actual  sea^  eapacially 
in  enabling  us  to  knov  the  horizontal  variation  of  the  velocity  components 
and  surface  alope*  If  the  complete  numerical  computation  could  be  worked 
out,  this  problem  would  giire  a complete  structure  of  water  motion  rroduced 
by  the  stress  of  tho  winds  in  both  deop  and  shallow  seas.  However,  this 
would  require  a groat  amount  of  tisdlous  calculation  so  the  complete  dis- 
cussion is  left  for  the  future  and  only  the  distribution  of  tho  surface 
slope  and  the  change  of  level  in  an  offshore  direction  will  be  treated  in 
this  paper.  It  gives  the  steady  surface  slope  developed  by  wind  in  a sea 
of  finite  depth  and  will  be  especially  applicable  to  the  problem  of  wind- 
produced  piling-^p  or  lowering  of  water  in  continental  shelves  such  as 
foxind  in  the  Gulf  of  f'exlco  or  the  North  Siberian  Shelf- 
Ilfr  Tlieory 

Consider  a straight  coast  coincident  with  the  axis  of  with  the 
£~exis  perpendicular  to  It  in  the  offshore  direction a (Figure  l)  ijuppose 
a wind  of  constant  force  and  direction  is  bl  wing  steadily  In  a belt  of 
limited  width- ^ at  a certain  angle  with  the  coast.  Take  the  ^-ojdU 
vertically  downward « 

If  a constant  wind  blows  for  a sufficiently  long  time,  a steady  state 
will  be  attained  in  which  the  motion  of  water  is  independent  of  time.  We 
assume  that  the  wind  stress  cannot  vary  In  tho  X"^irection,  but  may  be  a 
function  of  X . This  means  that  tho  w’nd  can  vary  in  an  offshore  direction 
only.  In  such  a steady  state  all  the  vertlcei  and  horleontal  components  of 
the  currents  can  bo  detrimlned  as  functions  of  35  and  § only.  Of  course^  tho 
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sarface  of  tlie  sea  vlU  not  be  a plane>  but  have  a slope  In  the  offshore 
direction;  the  amount  of  slope  varying  as  a function  of  the  distance  x from 
the  coasts  In  such  a case  iho  hydrodynamlcal  equations  of  motion  are,  after 
several  reasonable  sinplifications. 
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(1) 


where  u and  £ are  the  horizontal  components  of  the  current  velocity  In  the 
and  ■ 'ire ct ions,  ^ the  -surrace  elevation  depending  on  ^ only, 

the  density^  and  A}.j  the  coefficients  '^f  vertical  and  horizontal  miving 
(eddy  viscosity)  of  sea  water,  CO  the  angular  velccity  of  tlie  earth  and 
the  geographic  latitude.  In  addition  to  these,  we  have  the  equation 
of  continuity  in  the  form 


(2) 

since  ^ V “ ^ ^ is  the  vertical  component  of  currents , 

Lft  tlie  con^jonents  of  wind  stress  be  given  ly  and  a Because 

the  zone  of  wind  is  of  finite  width  within  a distance  Jj  from  the  coast, 
the  conditions  to  be  satisfied  on  the  surface  of  the  sea  are  therefore 
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whore  ^ eitlver  cosistants  or  functions  of  X only.>  On 

the  bottom  we  mwt  hatre 


ir  - 


(4) 


becatise  of  the  vertical  friction,.  Along  the  coast  which  foi’  the  sake  of 
siji^jlicity  may  be  supposed  to  be  vortical 


2=^0  : U — l/^  ^ ^:?y 


(5) 


because  of  horizontal  friction..  In  the  region  veiy  tux  from  eitJjer  coast 
or  the  xd-nd  region^  ma  hfive 


.t  lA.  zx  ==■  ^ 


Let  us  dfefine 


by 


(6) 
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(7) 


is  the  "depth  of  frictional  influence^  defined  by  Ekman  (1905)  in  his 
Lr 

theory  of  wind^-drlven  ocean  currents  p and  is  a quantity  having  a di<= 

mension  of  length  and  may  bo  called  "frictional  distance",.  H is  is  a 
measure  of  the  horizontal  turbulence.. 

If  we  put 
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the  equations  in  (1)  now  become 
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In  order  to  solve  these  equations  (9)j-  suppose  with  Takegaiii  (1934) 

•c/tf  ' ^ 


,-  (>^ 


4-L 


TT 


^ j iTi  ^ 

Vi  ('^,K)  t=i  \ ,j  )kt^.\Ac^:?( 

) /?>  A ? A ^ 

di 

4o 


Next  suppose  for  the  wind  stress 


and 
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(11) 


(12) 


(13) 


(14) 


if  7x  and  are  lnd«petid«nt  of  X « Substituting  (I0)y  (ll)»  and  (12) 
into  (9)  and  writing 


the  two  equations  (9)  can  bo  oomblned  into 
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and  the  conditions  to  l e satiafied  along  the  boundaries  now  become 
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Ihe  solution  of  equation  (16)  subject  to  t»ndltions  (17)  and  (18)  is 
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If  we  separate  the  real  par. 
part  p we  have 


from  IJro  imaginary 


\ a 


Thus  the  real,  part  of  \J  }^xn~ry'  always  greater  than  7T”  » 

III=  SsMi25  Mtv»es.  ib®  W4s£  Sfeegs,  gM  ihe  ^ope^t  S>£.,tfe£  H§fe 

Now  it  may  be  shown  timt  we  can  estiiblish  a definite  relation  between 
the  wind  stress  and  the  slope  of  the  water  surface c In  a steady  state  we 
have  no  vertical  motion  of  vrater  on  the  surface  of  the  sea.,  So  we  have 

since  the  vertical  velocity  always  vanishes  on  the  bottom^  Integrating 
the  equation  of  continuity  (2)  with  respect  to  ^ from  the  surface  down 


to  the  bottom 8 we  have 


This  rowans  that  the  integral  J (^'y  is  Iradepondent  of  ^ ^ or  there- 
for® a constanto  But  as  this  integral  must  vanish  along  the  coast  or  for 
V — d>  s>  wust  have 
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al'wayao  IntegTatiing  (19)  with  respect  to  ^ from  ^ to  ^ g and 
eqmting  the  real  part  of  the  reavLLtinft  oqtiation  to  ztsrog  we  haw  the 
following  expression  for  Y { ^} 
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If  we  substitute  tMs  expression  in  (l.j)  or 
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(23) 


we  have  the  surface  slope  as  induced  by  the  wiid  stress  whose  components 
are  7 ^ an<i  7^  respectively^ 

Once  the  expression  for  Yf'/^}  if  determined^  we  can  obtain  2/. ^ 
and  l/’f  W substituting  2 fh}  in  (19)  <.  Further  substitutdons  of  6<!^  and  /-^ 
la  6:<pr0S3ioiis  (10)  and  (Tl)  will  ®ve  the  horizontal  comr^onents  of  velocityo 
Tiie  vertical  velocity  can  be  obtained  from 
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(24) 


an  equation  d«riv«d  Toy  Jiitegmting  i-,he  aquation  of  continuity  (2)  from 
the  surface  dovn  to  a depth  ^ o 

TJie  preceding  fyialysifl  eovera  1iho  principal  part  of  the  theory  of 
upwelling  discussfi-d  by  the  author  recently  ae  a special  case  \dien  the 
depth  of  the  aes-  is  very  large o In  that  case  we  had  ^ fh]  so 

only  the  socord  torn  in  the  rit,ht~Imnd  member  of  (19)  was  eonsideredo  A 
complete  nurerlcal  computation  involving  three  components  of  velocity  and 
the  surface  slope  will  be  achieved  only  after  a tedious  work  of  very  long 
perlodo  We  shall  give  in  tiiis  report  only  the  computations  as  to  how  the 
slope  cf  the  aea  surface  varies  as  we  go  away  from  the  coast  o The  author 
wants  to  express  his  desire  to  extend  the  computations  to  all  three  corn®* 
ponerts  of  the  motion  of  water  in  the  future  because  this  promises  a great 
number  rf  practical  applications  > The  comparison  of  computed  motion  to 
tha'C  actually  observed  w511  enable  us  to  estimate  the  approximate  intensity 
of  bo^’n  vertical  and  hurisontal  turbulence  in  the  seap  thtis  making  it 
poasxble  to  predict  the  wind  currents  In  the  sea  more  a ccmrately<, 

IV.  figmoutation  .%^f^Sg  B2S&  Sfiii  tejatlgn  ot  ^ Le^el . 

It  is  a question  of  practical  calculations  to  carry  the  analysis  to 
ntnnericol  results « A rather  elaborate  computation  has  been  carried  out  by 
the  author  dur;’.r.g  the  summer  of  1953  when  he  stayed  in  the  Department  of 
Oceanrgraphyp  Agricultural  and  Mechanical  College  of  Texaso 

The  gro&terpart  of  the  yotk  consisted  of  numerical  evaluation  of  the 
function  y fy''  as  given  by  (22) » Because  the  components  of  wind  stress  are 
given  in  advance  we  have  only  to  evaluate  the  two  functions  and 

giiren  by  (26)  and  (-27)0  They  have  been  computed  foi- 
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at  Different  Dj.  stances  from  the  coast , 


ly 

7/ 

=r  3A6 

1/8 

1/4 

1/2 

1 

Longshore 
Wind  Stress 

0 

0 

0 

0 

0 

0 

Tv 

0„1 

O0O44I 

0cl347 

1.2577 

-0.2173 

-7  .8402 

0o2 

0.0477 

O0I745 

1.5085 

4-1.1535 

4-1.9789 

Ttf 

Ool 

0.0481 

0.1813 

1.5815 

4-1.6083 

43.2510 

0i,4 

O0O46O 

O0I622 

1.4518 

40.6742 

40,3867 

0o5 

O0O24I 

O0O958 

0 08431 

40.9606 

1.8433 

3/2 

Oc.6 

0..0021 

0c 0292 

• 0.2663 

1.6698 

4o7393 

0 

0„7 

0.0004 

O0OO89 

0.1163 

0.7947 

2.2709 

0 

OaS 

-OoOOOl 

OoOon 

0.0179 

0.0527 

O0O622 

0 

0.9 

OoOOOl 

O0OOI3 

0.0512 

0.5501 

1.7700 

0 

loO 

-0.0001 

O0O004 

0.0335 

0.3901 

1.2799 

0 

1.1 

OoOOOO 

-0.0007 

-0.0326 

-0.3542- 

— 1.1418 

0 

lo2 

-O0OOO2 

-0.0012 

-0,0104 

-0.1181 

-0.3825 

0 

lo3 

OoOOOO 

40.0005 

40.0248 

40.2778 

40.9025 

0 

1.4 

OoOOOO 

-O0OOO2 

-0.0067 

-0.0714 

-0.2291 

0 

lo5 

000002 

-O0OOO8 

-0.0130 

>»Oo1493 

-0.4765 

0 

and  for  a number  of  necessary  values  of  r. 


Biggasglon.  gt  £o£;t^  .gfitatlop  & lastgr  Inflaeaglng  ^ SLS£&° 
E.xpression  (23)  can  be  written 
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where 


X"  , , /,  = (ti-L  Vt>K , 


" f,'=4 

Figures  2 aar’  3 give  the  graph-s  c T the  fumitions  jfl  >' 

' X j rospactivalyo  Itese  o functi-;  as  have  bas-n  ostinatei  fo.r 

vo3,ue«.  of 

// 

K 

Vl6„  2/i  , 1A9  1A  Ip  2s,  mid  4 

aM  aoiflo  values  of  /\  uffi^ossary  t'o,.'  i .^rtbi ring  the'  computations.,  Only  th® 
cmves  for  ^/j9  as  l/l6p  l/&g  I/4#,  l/i'f,  snisd  1 art  given  in  these  i'igus’QS*. 

V 

From  these  diagx’araa  wa  recogaiso  that  the  value  of  the  ftmct:.  tti 


•I; 

Table  IH 


i 

t 
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Sea  Lefvel  Difference  between  the  Coast  and  a 


Point  Distant 

from  the 

Goesto  indiiced  by  an 

Offshore  Wind  Stress  „ 

(Units  n"  l;i 

'y>r 

n'  /?/ 

lA6 

3/8 

3/4 

3/2 

1 

' 0 

0 

0 

0 

0 

0 

0„1 

0=075 

0=074 

0=071 

0=066 

0=082 

0o2 

0„227 

0=223 

0=215 

0=199 

0=209 

0o3 

0o379 

0=373 

0=362 

0=330 

0=290 

0o4 

0=530 

0=523 

0=509 

0=462 

0=387 

0o5 

0=643 

0=635 

0=618 

0=512 

0=467 

0o6 

0o680 

0=672 

0=657 

0=592 

0=439 

0o7 

0c680 

0=673 

0=659 

0=588 

0=373 

6«8 

0o679 

0=673 

0=659 

0=587 

0=351 

0o9 

0=678 

0=673 

0=659 

0=586 

0=332 

loO 

0o678 

• 0=673 

0=659 

0=583 

0=300 

lol 

0o678 

0=673 

0=659 

0=584 

0=299 

1«2 

0=678 

0=673 

0.659 

0=586 

0=315 

1=3 

0o678 

0=673 

0=659 

0=582 

0=309 

1=4 

0=678 

0=673 

0=659 

0=584 

0=302 

1=5 

0=678 

0=673 

0=659 

0=584 

0=310 

I 

OffdTfore 
Wind  Stress 

;>■ 


3/2 


■ X 


0 


1, 


ooooo  oooo 


IV 


Sea  level  Differenoe  between  the  Coaet  and  a 
Point  Dietont  X tvoivx  the  Coart^  induced  by  a 
Longshore  Vlad  Stxass  Tu  « (ttoits  ) 


V, 

t>k 

= lA6 

3/4 

3/2 

1 

Longshore 
Wind  Strei 

0 

0 

0 

0 

0 

0 

0,1 

0,002 

0,007 

0,063 

-0,011 

-0.092 

nry 

0o2 

0,007 

0.022 

0.201 

•40,036 

-0.085 

'Tu 

0,3 

0,012 

0,040 

0,356 

-lo.m 

40.176 

0o4 

0,016 

0,057 

0,507 

40,288 

40,358 

7 

'^1 

3/2 

0.5 

0,020 

0,070 

0,622 

40,370 

40,470 

0,6 

0,021 

0,076 

0,678 

40.501 

40,799 

0 

0,7 

0,022 

0,078 

0,697 

40.625 

+1.150 

0 

0,6 

0,022 

0.079 

0.703 

40.667 

1.266 

0 

0,9 

0,022 

0,079 

0.707 

40,697 

1.358 

0 

1,0 

0,022 

0,079 

0,711 

0,744 

1,510 

0 

1,1 

0,022 

0,079 

0,711 

0.746 

1.517 

0 

1,2 

0,022 

0.079 

0,709 

0.722 

1,441 

0 

1,3 

0,022 

0,079 

0.710 

0,730 

1,462 

6 

1.4  . 

0.022 

0.079 

0.711 

0,741 

1,496 

0 

1.461 


1*5 


0.022 


0.079 


0.710 


0.730 


related  to  % or  the  offshore  component  of  wind  stress  does  not  show  any 

V 

marked  variation  for  either  or  except  that  its  value  suddenly  falls 

to  zero  at  )\  ^ O for  larger  values  of  j while  the  function 

related  to  'T'o^  or  the  longshore  component  of  vrind  stress  has  a very  large 

variation c.  For  a smaller  value  of  D[r  this  function  varies  slightly 

and  smoothly » Vfhen  increases g however,  its  value  at  A — 0 increases 

very  rapidlyo  T}'is  function  thus  has  always  a peak  at  0 and  the 

height  of  this  peak  increases  proportionally  to  the  square  of  Ppr  when 

^ is  small  and  is  directly  proportional  to  ^/l2f  when  it  is  larger  At 

iPiT  £ 

any  rate  this  shows  a rapid  inci*ease  of  the  function  ) \ ^ around 

/\'^P  when  ^/Ptr  increases  from  a small  value  to  a larger  valuer 
Now  since  the  function  of  the  type 

always  has  a largest  valxie  (—  ) oX  ~ 0 falls  rapidly  as 

increases,  it  can  be  anticipated  that  the  contributions  of  the  functions 
1^)  ^ I , X/*  to  the  integrals 


and 


will  bo  largest  at  A ^0  clearly  shows  that  the  value  of 


-*14» 


It  is  quite  easy  to  compute  these  intagx'ala  if  the  firactions 


(41) 


(42) 


a 


~ d::/. 


are  computed  and  compiled  o Tables  V oud  VI  give  paints  of  aucli  compilations  ^ 
For  esamplej,  when  we  want  to  compute  the  integral  09)  foi'  P'  3 

assuming 
sum 


,>  v«  have  simply  hj  (36)  and  (37)  to  make  a. 

U- 


,.2. 


for  a given  value  of  *'  / Pi/-  because  is  an  ©van  function 

0 The  same  applies  for  •i.h&  function  fX.) 

the  sums  of  integrjils  of  the  fom  (42)  o Tables  V and  VI  wi.ll  onaTiie  us  to 
make  computations  for  othei"  values  of  the  ratio  <■ 

By  this  process^  wo  can  compute  very  easily  the  slope  of  water  surface 
induced  by  both  offshore  arad  longshore  wind  stress  components o 

The  following  computation  waq  made  whoa  thk  width  IJ  of  the  tdad  aone 


is  half  as  large  as  the  frictiomX  distanc®  "Jl 

A*v 


So  V®  hav®  p ss-  (J  ' 


0 


Table  V 


Function 


for  Computing  the  S(»a  Surface 


Slope  for  Uniform  Wind  Stress 


^ “ lA6 

1/8 

3/4 

1/2 

1 

0 

0 

0 

0 

0 

Ool 

1.5104 

1,4856 

1,4099 

1,2737 

1,1531 

0„2 

1,5U7 

1,4948 

1,4705 

1,2912 

0,64^ 

0o3 

1,5156 

1,4972 

1,4853 

. 1,2990 

0,4594 

0o4 

1,4939 

1,5043 

1,4833 

1,3276 

0,6716 

0o5 

1,5002 

1,4937 

1,4838 

1,2848 

0,2828 

0«6 

1,5004 

1,4989 

1,4826 

1,2200 

-0,2838 

0,7 

1,4998 

1,5039 

1,4824 

1,2408 

-Go 0953 

0,8 

1,4980 

1,4926 

1,4830 

1,2739 

0,1933 

0o9 

1,5000 

1,5001 

1.4830 

1.2748 

-0,0248 

1„0 

1,4997 

1,5025 

1,4825 

1,2394 

-0,1104 

la 

1,4995 

1,4940 

1,4830 

1,2687 

0,0775 

1,2 

1,4986 

1,4955 

1,4814 

1,2551 

0,0328 

1,3 

1.4996 

1,5009 

1.4826 

1,2434 

-0,0758 

1,4 

1,5001 

1,4955 

1,4829 

1,2547 

40,0234 

1,5 

1,5074 

1,5006 

1,4848 

1,2577 

40,0422 

1,6 

1,8999 

1,4980 

1,4819 

1,2464 

— 0,0460 

1,7 

1,5005 

1,4969 

1,4829 

1,2518 

— O0OOI4 

1,8 

1,4998 

1,5000 

1,4830 

1,2563 

40,0372 

1,9 

1,5001 

1,4993 

1,4829 

1,2500 

-0,0249 

2,0 

1,4997 

1,4980 

1,4828 

1.2505 

-0,0125 

Table  VI 


Puactiott  for  Comp^itlng  tha  Sea  Surface 

Slope  for  bnirorin  Wind  Stress 


ix/ 

ypi. 

= iA<) 

3/8 

lA 

1/2 

1 

0 

0 

0 

0 

0 

0 

0.1 

0,0442 

0,1363 

1,3230 

0,4856 

0,4272 

0.2 

0.0475 

0,1762 

1,5620 

1,6098 

3,3560 

0.3 

0,0484 

0,1893 

1,6717 

2,1035 

4o5a7 

0o4 

0,0481 

0^1904 

1,6760 

1,8909 

3,6600 

0,5 

0,0482 

0,1923 

1,7339 

2,4812 

5,5289 

0o6 

0,0482 

0,1936 

1,8064 

3,2966 

8,1949 

0.7 

0,0481 

0,1928 

1,7787 

3-0161 

7,2959 

0.8 

0,0482 

0,1922 

1,7425 

2,6002 

5,9374 

0o9 

0,0432 

0,1928 

1,7714 

2,9189 

6,9699 

loO 

0,0482 

0,1930 

1,7817 

3,0411 

7,3713 

lol 

0,0482 

0,1925 

1,7573 

2,7681 

6,4840 

1,2 

0,0482 

0,1916 

1,7628 

2,8330 

6,6941 

1,3 

0,0482 

0,1929 

1,7774 

2,9915 

7,2088 

1,4 

0,0482 

0,1926 

1,7644 

2,8469 

6,7397 

1,5 

0,0482 

0,1928 

1,7624 

2,8209 

6,6538 

lo6 

0,0482 

0,1928 

1,7735 

2,9479 

7,0563 

1,7 

0,0482 

0,1927 

1,7677 

2,88^1. 

6,8573 

1,8 

0,0482 

0,1926 

1,7628 

2,8273 

6,6751 

1,9 

6A482 

0,1928 

1,7709 

2,9177 

6,9676 

2,0 

0,0482 

0,1942 

1.7691 

2,8993 

6,9094 

a3f)d  the  elope  of  the  water  sxirface  wae  computed  at  several . distances  tram 
the  coastc  Both  the  surface  slopes  induced  th®  offshore  and  longshore 
wind  stress  oonqjonents  are  given  in  Tables  1 and  II <> 


From  these  reatilts  it  can  be  concluded  that  the  slope  of  the  water 
surface  is  chiefly  fo^md  in  the  wind  8ono  and  it  is  mostly  very  small 
outside  the  latter^  However,  tlie  manner  of  increase  of  th©  slope  of  th© 
water  aurfiice  with  increasing  ratio  is  much  different  between  the 

offshore  and  longshore  winds®  In  case  of  the  offshore  wind  the 

slope  induced  by  it  does  not  vary  much  with  the  ratio  „ Their 

values  within  the  vdnd  zone  lie  mostly  between 


/J 


% 


/'  J • 


Tt 


On  the  contrary,  the  slope  caused  by  a longshore  wind  stress  is  very 
small  when  Ii/Py  is  small  and  increases  very  rapidly  as  this  ratio 
increases » Thus  the  slope  in  the  \dnd  zone  is  a little  less  than  0®05  for 
h/d^  ~ 1/160  But  it  increases  to  almost  25  times  when  the  ratio  h/liy  in~ 
creases  to  2/4.  At  slope  varies  rather  irregularlyo  This 

may  be  bocatase  of  the  incompleteness  of  the  numerical  integration  and  it 
would  be  dangerous  to  believe  this  result  to  be  very  accurate®  At  any  rate 
the  slope  increases  very  rapidly  with  the  ratio  h/Dy  provided  there  is  a 
stationary  stage  around  Oi  ^ o 

From  this  result  it  can  be  concluded  that  the  slope  of  the  sea  surface 
induced  by  w3.nd  stresses  is  proportional  to  the  wind  stress  7^  and  ^ , 
inversely  to  the  depth  J|j  of  th©  sea  provided  the  ratio  is  given® 

They  are  nearly  independent  of  the  magnitude  or  the  horizontal  turbulencec 


s> 


If  we  take  7^^  » 1 


~ 50  meterSp  then  we  shall  !hav« 


^ _ 


3 oy^fb 


r7 


This  is  a slope  about  3 om  per  100  knip  or  about  2 inches  per  100  nautical 
miles q Iho  stress  "2^^^  s=  1 corresponds  to  a wind  of  speed  about  6 or  7 m/sec. 
When  h « 100  m the  slope  is  half  as  large,, 

The  fact  that  the  slope  is  very  small  when  Vby  is  small j,  means  that 
the  influence  of  the  earth *s  rotation  is  largely  pressed  down  by  the  bottom 
frictiono  As  the  depth  of  the  water  approaches  Dy  gradually,  the  earth's 
rotation  becomes  a more  and  more  important  factoro 

Although  these  results  are  all  purely  theoretical  onesj,  there  is  no 
reason  why  they  are  of  no  practical  application^  Comparison  with  great 
numbers  of  observations  will  give  some  idea  about  the  magnitudes  of  both 
horizontal  and  vortical  mixing  coefficients « 


VIIo  Change  of  Sea  Level  in  an  Offshore  Direction g 

Determination  of  the  slope  of  the  sea  surface  enables  us  to  know  how 
the  surface  of  the  sea  rises  or  falls  as  we  are  removed  from  the  coast  c 
Because  tha  water  surface  is  assumed  to  neither  rise  nor  fall  in  a direction 
parallel  to  the  coast,  we  have  only  to  check  the  change  of  sea  level  in  an 
offshore  direction o 

An  approximate  formula  to  compute  a curve  y «=  F(x)  from  the  values  of 
at  two  points  separated  by  is 


) S/ 


-f 


/^) 


^ ^ 'ii-t 


where 


and 


dl 


are  the  values  of  y at  ~j( and  d 


'H-i 


aeparatad  * Asswdng  wo  haro  a water  height  on  the  coasts 

we  have  for  the  change  of  level  produced  ly  an  offshore  stress 

and  30  otic,  Tlie  same  applies  to  the  slope  induced  by  longshore  stress  o 
By  this  process  it  will  be  possible  for  us  to  derive  the  sea  surface  profiles 
produced  by  both  offshore  and  longshore  wind  stresses o Actual  sea  level 
consists  of  the  sum  of  these  twoo  Tables  V and  VI  give  the  results  for  both 
of  these  stress  components  respoc  tLvaly,,  These  are  also  Illustrated  by 
Figures  4 and  5o 

Looking  at  Tables  III  and  IV  and  the  two  diagirams  (Figures  4 and  5)  we 
at  once  notice  that  there  is  practically  no  change  in  sea  level  outside  the 
wind  zone  within  a width  X-j,  from  the  coasts 

For  a longshore  \dnd  blowing  in  such  a maniiar  that  for  an  observer 
looking  in  the  direction  of  the  wind  with  the  sea  on  his  idght  hand  side, 
the  sea  level  rises  nearly  linearly  as  we  are  removed  away  from  the  coast 
xmtil  we  arrive  at  the  and  of  the  td.nd  zoaoo  This  tendency  is  common  to  the 
cases  h/D^  « 3/16,  3/8 3/4  but  some  irregularities  occur  when  j/Oy  = 3/2o 
It  will  be  hard  to  Imou  if  those  irregularities  really  exist  or  if  th^  are 
actttally  due  to  some  inconpleteness  of  the  procedure  of  numerical  lntegration» 
Perhaps  the  latter  explanation  holds  better^  In  any  event,  the  general 
tendency  is  that  the  sea  surface  outside  the  \dJnd  zone  sniffers  no  appreciable 
level  change.  Now  since  the  sea  is  supposed  to  extend  infinitely,  the  change 
of  the  sea  level  in  a finite  area  will  not  affect  the  level  In  an  infinitely 


FIG.  4 SEA  LEVEL  DIFFERENCE  BETWEEN  THE  COAST  AND  A POINT  A 
DISTANCE  K FROM  THE  COAST  PRODUCED  BY  THE  OFFSHORE 
COMPONENT  Tx  OF  THE  WIND  STRESS  COMPUTED  FOR  SEVERAL 
DIFFERENT  VALUES  OF  4-. 


wide  area  outside  the  wind  aon©<.  This  ineaiia  that  when  th<?  wind  blows  in  the 
above  manner,  we  can  expect  a depression  of  sea  level  beneath  the  wind~svept 
area  deepening  linearly  toward  the  coast » Ihe  maximum  level  fall  occnirs 
of  coxirso  along  the  beach«  If  the  wind  blows  In  the  opposite  direction,  there 
will  occur  an  elevation  of  the  sea  surface  toward  the  coast,.  The  magnitude 
of  these  depressions  and  elevations  of  course  depends  upon  the  ratio  h/Dy  and 
Xj  .d  the  width  of  the  wind  zoneo 

For  an  offshore  wind  blowing  in  such  a manner  that  the  observer  looking 
towards  the  sea  has  the  wind  on  his  back,  the  same  sort  of  depression  takes 
place,  of  course,  the  manner  of  its  dependence  upon  t/Dy  differing  from  the 
case  of  longshore  wind»  If  the  wind  blows  from  the  sea  to  land  there  will 
occur  an  elevation  beneath  the  area  swept  by  the  windo 

Ihese  details  are  illustrated  by  the  diagrams  in  Figure  6, 

VIII 0 Relation  Between  the  Wind  Direction  and,  the  Sea  Level  Change e 

The  diagrams  in  Figure  6 give  us  an  approximate  idea  of  the  relation- 
ship between  the  direction  of  the  wind  stress  and  the  sea  level  change  in 
a steady  state a The  sea  level  rises  approxinately  linearly  as  v/e  are  removed 
away  from  the  coastn  No  slope  of  the  sea  surface  is  seen  outside  the  wind  • 
zoneo  The  sea  level  responds  to  the  offshore  and  longshore  wind  in  different 
ways®  For  example,  in  the  area  of"  California,  a north  wind  lowers  the  sea 
level  below  the  wind  zone  and  a south  wind  raises  it»  On  the  other  hand  an 
east  wind  raises  the  level  and  a west  wind  lovers  ito  Thus  is  can  bo  con- 
cluded that  for  some  direction  of  wind  and  for  some  ratio  h/jiy  there  will 
occur  neither  rise  nor  fall  of  the  sea  level  however  strong  the  wind  may  bloWo 
Such  directipna  will  be  found  in  the  sectors  between  north  and  west  and  south 
and  easta 

On  the  contrary  there  will  be  a wind  direction  which  gives  a maxiinum 
rise  or  fall  of  the  sea  levelo  This  direction  must  of  course  depend  upon 


FIG.  6 SCHEMATIC  DIAGRAMS  SHOWING  THE  RELATION  BETWEEN 
THE  DIRECTION  OF  WIND  AND  SEA  LEVEL  CHANGE . 


the  ratio  that  Is  to  say's  on  the  square  root  of  the  mixing  coefficients 

providing  the  depth  to  the  bottom  is  given^  Off  Texas  and  Louisian*  coasts * 
the  wind  from  east  to  southeast  and  from  opposite  directions  will  not  be 
effective  in  raising  or  lowering  the  sea  level  on  the  continental  shelf o On 
the  contrary  north  or  south  winds  are  expected  to  produce  strong  falls  or 
rises  in  the  sea  level  on  the  shelf, 

_Stimmary,  Ihe  theory  of  the  wind-driven  currents  in  a shallow  sea  is  considered 
taking  into  account  the  effect  of  horizontal  momentum  tranefer.  Other  assurap“ 
tions  and  conditions  are  nearly  similar  to  Ekman“s  work  except  tlmt  we  assume 
an  infinite  straight  vertical  bantor  for  the  coast.  The  complete  solution 
involving  the  expressions  for  the  tharee  components  of  velocity  and  the  varla'» 
tion  of  the  surface  slope  at  different  distances  from  the  coast  appears  to 
take  a very  long  time  and  require  •tedious  computations , For  this  reason  only 
the  result  for  the  slopes  of  the  sea  surface  is  giv«i  in  this  paper.  The 
following  conclusions  have  been  drawn, 

(1)  Due  to  the  stress  of  wind  there  occurs  a id-se  or  fall  of  the  sea 
surface.  When  the  wind  blows  within  a firdte  zone  from  the  coast p this  stir- 
face  slope  occurs  only  in  this  zone  and  no  slope  is  seen  outside  it, 

(2)  When  the  wind  is  uniform^  tJie  sea  surface  within  the  wind  zone  rises 
or  falls  linearly  toward  the  coast, 

(3)  For  a certai'n  wind  direction  and  for  certain  values  of  the  ratio 

(,  no  rise  or  fall  of  the  sea  level  will  occur.  On  the  contrary^  there 
will  be  directions  of  winds  for  wldch  we  liave  * maximum  rise  or  fall  of  the 
sea  level.  These  features  will  depend  upon  the  direction  of  windj  depth  to  the 
bottom  latitude  and  the  vertical  mixing  coefficient, 

(4)  Complete  numerical  solution  of  this  problem  for  the  three  dimensional 
water  movement  is  intended  by  the  author  for  a futtire  opportunity. 
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